acid) and mammalian-type (a2,6 sialic acid) influenza virus receptors [7, 8] , supporting this notion on a molecular level. Continuous replication of AIVs in pigs may promote the selection of virus variants with a preference for the mammalian-type receptor, as shown for the European avian-like H1N1 swine influenza virus [9] . In addition, reassortant viruses containing genes of avian, swine, and/or human origin are frequently isolated from pigs [10] [11] [12] [13] . One such reassortant virus that is enzootic among pigs in North America appears to be a major progenitor of the novel H1N1 virus causing the 2009 influenza pandemic in humans [14, 15] . Other swine influenza viruses have only occasionally transmitted to humans but were not capable of sustained human-to-human transmission [16] . In contrast, transmission of AIVs from pigs to humans has never been documented, and the transmissibility of AIVs among pigs has been rarely examined. Shortridge et al [17] inoculated 2 pigs with each of 2 highly pathogenic H5N1 AIVs isolated from chickens and humans in Hong Kong in 1997. Although both viruses replicated in the inoculated pigs, they were not transmitted to direct-in-contact pigs. Similarly, Choi et al [18] infected [19] . Highly pathogenic AIVs have received the most attention for more than a decade; however, low-pathogenic AIVs of any subtype are even more likely to infect pigs and to contribute to the generation of a pandemic virus. The avian gene segments in the novel H1N1 influenza virus also derive from such low-pathogenic viruses, and it is most likely that the virus emerged in a pig [14, 15] . In this study, we aimed to compare low-pathogenic AIVs of various subtypes with swine H1N1 and H3N2 influenza viruses for their replication potential in pigs and for their transmissibility among pigs and from pigs to ferrets. The ferrets were used as an animal model for humans, because the expression and distribution of sialic acid receptors in the respiratory tract and the course of influenza virus infection closely resembles that in humans [8] .
MATERIALS AND METHODS

Animals.
Conventional piglets were obtained from a commercial herd serologically negative for influenza. Adult ferrets were purchased from a licensed pet shop. Before the start of the experiments, all animals were free of influenza virus antibodies, as determined by hemagglutination inhibition tests using Swine/Belgium/1/98 (H1N1), Swine/Flanders/1/98 (H3N2), and Swine/Gent/7625/99 (H1N2) and by a competitive antiinfluenza A nucleocapsid enzyme-linked immunosorbent assay (ID-VET). All experiments were authorized by the Ethical and Animal Welfare Committee of the Faculty of Veterinary Medicine, Ghent University.
Viruses. Swine/Belgium/1/98 and Swine/Flanders/1/98 are avian-like H1N1 and human-like H3N2 swine influenza viruses, respectively [20] . The low pathogenic AIVs were field isolates from mallards, domestic ducks, and chickens. All virus strains were propagated in 11-day-old embryonated hen eggs and were used at the third or fourth passage. Genetic characterization. The coding sequence of the receptor-binding site of the hemagglutinin (HA) was determined for all viruses in Table 1 . Swine/Belgium/1/98, Mallard/Alberta/ 47/98, Mallard/Italy/3401/05, and Chicken/Italy/1067/V99, for which sequences were already available in GenBank, were resequenced to avoid missing mutations that may have arisen during the passage history of the strain. Sequences of the 4 remaining viruses were deposited in Genbank (accession numbers FJ842116-FJ842119). RNA was extracted from the egggrown virus stocks used in the animal experiments with use of an RNeasy kit (Qiagen). A 1-step reverse-transcription polymerase chain reaction kit (Qiagen) was used to amplify the HA1 ORF. Primer HA-UNI (CTCGAGAGCAAAAGCAGGGG) and primer HA-AV/SWREV (TCIATRAAICCIGCWATIGC-ICC) were used to amplify HA1 from the avian strains. Primer HA-UNI and primer inflH7N1PanHAREV (TTYTGATGYCTG-AADCCRTACCA) were used for the swine viruses. The HA1 amplicons (size, ∼1 kb) were treated with Exonuclease I and Antarctic Phosphatase (New England Biolabs) and were used directly for cycle sequencing with a Big Dye Terminator Cycle sequencing kit, version 1.1 (Applied Biosystems). Additional internal primers were designed (available upon request).
Excretion of swine influenza viruses and low-pathogenic AIVs in pigs and ferrets. Fourteen pairs of 3-5-week-old pigs and 8 pairs of ferrets were housed in separate high-efficiency particulate air-filtered isolation units (biosafety level 2). Each pair was inoculated intranasally with median egg in- 7 1 ϫ 10 fective dose (EID 50 ) of one of the viruses shown in Table 2 (pigs) or Table 3 (ferrets). Inoculations were administered to unanesthetized animals. Pigs were held in a vertical position, with the neck stretched. The inoculum (1.5 mL per nostril) was gradually instilled into the middle nasal cavity by insertion of a 15-mm plastic canula attached to a syringe. Ferrets were inoculated by slowly dribbling the inoculum (500 mL per nostril) into the nasal cavity by means of a syringe and a blunted 25-gauge needle. From 0 through 10 days after inoculation, all animals were monitored clinically. To determine virus excretion, both nos- trils, the oropharynx, and rectum were swabbed daily for 10 days after inoculation. Virus titrations were performed with 11-day-old embryonated hens eggs. Blood samples for serological examinations were collected at 14 and 28 days after inoculation. Transmission studies. Eight influenza viruses were evaluated for their transmission capacity (Table 1) with use of twelve 6-8-week-old pigs and 2 ferrets. On day 0, 6 pigs were housed in a separate isolation unit and were inoculated intranasally with EID 50 of the respective virus. Forty-eight hours 7 1 ϫ 10 after inoculation, the 6 remaining pigs were placed in direct contact with the inoculated pigs, and 2 ferrets were placed in a single wired cage behind a bar fence in the pig stable, separating both species over a distance of 10 cm. All animals were monitored clinically, and nasal swab specimens were collected daily from 0 through 10 days after inoculation or contact. Serum samples were collected 14 and 28 days after inoculation or contact. During the entire experiment, the temperature was kept at 20ЊC-22ЊC, and the relative humidity was maintained at 60%-70%, simulating the situation in swine confinement units.
Serological examination. Serum samples were tested against the homologous viruses with which the animals had been inoculated in an immunoperoxidase monolayer assay, based on a methods described elsewhere [21] . In brief, monolayers of Madin Darby canine kidney cells in 96-well plates were inoculated with median tissue culture infective 3 1 ϫ 10 dose per well of the respective virus. Twenty-four hours later, the cells were washed, dried, and stored at Ϫ20ЊC. At use, plates were thawed, fixed in 4% paraformaldehyde, washed, and treated with 1% hydrogen peroxide in methanol. Serial 2-fold serum dilutions were incubated for 1 h. Next, polyclonal rabbit anti-swine or goat anti-ferret antibodies conjugated with peroxidase were added and incubated for 1 h. A substrate solution of 3-amino-9-ethylcarbazole in 0.05 mol/L acetate buffer with 0.05% hydrogen peroxide was added, and the plates were incubated at room temperature for 10 min. The results were read using light microscopy.
Data analyses. For each transmission experiment, the basic reproduction ratio (R 0 ) was estimated numerically on the basis of the outcome of the experiment (final-size method) with use of the maximum likelihood estimator [22] . Thus, the most likely reproduction ratio was estimated using the total number of animals in the experiment, the number of susceptible and infectious animals at the beginning of the experiment, and the number of animals that became infected during the whole experiment. A pig was considered to be infected when it experienced seroconversion. The 95% confidence intervals (CIs) were constructed symmetrically around the estimated value of R 0 [23] .
In addition, viral shedding of each virus was quantified by calculation of the area under the curve. The area under the curves were compared between different virus strains with use of standard 2-sample Mann-Whitney tests. Differences were considered to be statistically significant when . Statistical P ! .05 analyses were performed using GraphPad Prism software, version 5.
RESULTS
Excretion of swine influenza viruses and low-pathogenic AIVs in pigs and ferrets. Infection of pigs with the swine viruses passed subclinically. Both H1N1 and H3N2 viruses were excreted in nasal swab specimens from all pigs; virus excretion started at 1 day after inoculation, the level of excretion remained high for several consecutive days, and excretion was undetectable at 6 days after inoculation (Table 2) . Virus was recovered in a similar pattern from the oropharyngeal swab specimens, but virus titers were 1.6-2.7 log 10 lower (data not shown). All pigs developed antibodies to the homologous virus.
No signs of disease were detected in any of the pigs inoculated with the AIVs. Of the 12 AIVs examined, 9 were recovered from the nasal swab specimens from both pigs and 2 were recovered from specimens from only 1 pig. The H9N2 isolate was undetectable in both pigs ( Table 2) . Eight of the 12 AIVs reached peak virus excretion titers similar to those of the swine viruses (у5.0 log 10 EID 50 /100 mg nasal secretions), but the total amount of virus shed was clearly lower. Only 10 of the 24 pigs had nasal virus titers у3.0 log 10 EID 50 for 5 consecutive days after inoculation, although this is the standard after experimental inoculation of pigs with swine influenza viruses. Another difference with the swine viruses was the variation in duration and amount of AIV excretion between viruses and between pigs inoculated with a single virus. Virus isolation rates and virus titers were lower in oropharyngeal swab specimens than in nasal swab specimens (data not shown). All pigs except those inoculated with the H9N2 isolate developed antibody responses to the homologous virus.
One ferret inoculated with Swine/Belgium/1/98 and both ferrets inoculated with Swine/Flanders/1/98 had a slight, transient fever 1-3 days after inoculation (40.2ЊC-40.4ЊC), but there was no reduction in liveliness or food consumption. Both swine viruses were recovered from the nasal swab specimens from both ferrets for 6-7 days after inoculation (Table 3) . Virus titers in ferrets were 2-4 log 10 lower than those in pigs and were similar in oropharyngeal and nasal swab specimens (data not shown). All ferrets developed antibodies to the homologous virus.
All 6 AIVs examined were recovered from nasal swab specimens from both ferrets at similar titers and for a similar duration as those in pigs (Table 3) . Virus titers in oropharyngeal swab specimens were comparable to those in nasal swab specimens (data not shown). All ferrets developed antibodies to the homologous AIV. None of the viruses were recovered from rectal swab specimens from either pigs or ferrets.
On the basis of virus replication efficiency in pigs and ferrets, both swine influenza viruses and 6 AIVs were selected for virus transmission studies. Sequence analysis of the receptor-binding region in the HA of these viruses revealed a conserved avian amino acid signature (138A, 190E, 194L , 225G, 226Q, and 228G) [24] in all 6 AIVs. Swine/Belgium/1/98 had amino acid substitutions T155V, T159N, and E190D, and Swine/Flanders/ 1/98 had amino acid substitutions Q226L and G228S, compared with the avian constitution.
Transmission of swine influenza viruses among pigs and from pigs to ferrets. None of the pigs inoculated with the swine viruses showed clinical signs, but all excreted virus for 1-6 days after inoculation, although virus titers were lower for the H1N1 virus than for the H3N2 virus ( ) (Figure 1 ), P ! .05 and experienced seroconversion. All contact pigs also remained healthy and shed virus in nasal swab specimens in a pattern similar to that of the inoculated pigs and experienced seroconversion ( Figure 1 and Table 1 ). Because of the fact that all contact pigs became infected, the estimated R 0 value was ϱ (95% CI, 0.8 to ϱ) for the H1N1 and ϱ (95% CI, 0.67 to ϱ) for the H3N2 virus.
A slight and transient fever was the single symptom seen in 1 Swine/Belgium/1/98 contact ferret (temperature, 40.1ЊC; 4 days after contact) and in both Swine/Flanders/1/98 contact ferrets (temperature, 40.0ЊC-40.6ЊC; 4-6 days after contact). All contact ferrets started to shed virus 1-5 days after contact and showed a serological response ( Figure 1 and Table 1 ). These data reveal that the experimental design was reliable to demonstrate the transmission capacity of swine influenza viruses among pigs and from pigs to ferrets and has the potential for determining the transmission capacity of AIVs between these hosts.
Transmission of low-pathogenic AIVs among pigs and from pigs to ferrets. None of the pigs inoculated with the AIVs showed clinical signs. The H5N1 virus was isolated from only 1 of the 6 inoculated pigs. The remaining AIVs were recovered from at least 5 of the 6 inoculated pigs ( Table 1) . Comparison of the area under the curve among the different viruses revealed a significantly lower level of virus shedding in the H5N1 group than in the swine H1N1 and H3N2 groups ( ), and there P ! .05 was a statistically significant difference in excretion level be- tween the other AIVs and the swine H3N2 virus only (P ! ). All inoculated pigs developed antibodies. No virus was .05 isolated from nasal swab specimens from any of the contact pigs. A serological response was detected in 2 of the 5 H7N1 contact pigs (Table 1 ). The estimated R 0 value was 0.63 (95% CI, 0.18-3.24) for the H7N1 virus and 0 (95% CI, 0-1.69) for all other AIVs. The contact ferrets did not develop disease or have viral excretion. Only one H5N2 contact ferret experienced seroconversion (Table 1) .
DISCUSSION
This study was meant as a first step to gain insight into the role of pigs in the transmission of influenza viruses to humans. Our data show that low pathogenic AIVs of various subtypes replicate in pigs but fail to spread efficiently among pigs or from pigs to ferrets. This contrasts strongly with the efficient transmission of swine-adapted influenza viruses between pigs and from pigs to ferrets. We confirmed previous reports describing the susceptibility of pigs to AIVs of different subtypes [6, 25] . Half of the AIVs examined were shed in nasal swab specimens from all of the inoculated pigs and reached peak virus titers similar to those of the swine viruses. On the other hand, all AIVs were excreted in considerably lower amounts than the swine H3N2 virus, but we found no statistically significant differences between the AIVs and the swine H1N1 virus. Unpublished experimental inoculations of pigs with the same H1N1 virus invariably resulted in nasal virus titers у4.0 log 10 ID 50 for 5 consecutive days, although we found slightly lower titers in the present experiment. In those previous experiments, we used Madin Darby canine kidney cells for virus titration. Unlike the AIVs or Swine/Flanders/1/98 H3N2, the swine H1N1 virus replicates better in Madin Darby canine kidney cells than in eggs. We therefore assume that we underestimated the extent of Swine/Belgium/1/98 H1N1 virus excretion in the current study by using eggs for virus titration. Furthermore, AIV excretion varied strongly between and within experiments, and the AIVs induced lower antibody titers, compared with the swine viruses. These data point toward a lower replication efficiency for influenza viruses of entirely avian origin than for swine influenza viruses in pigs. Similarly, Lipatov et al [26] found that swine H1N1 and H3N2 viruses were shed with similarly high virus titers (у4.5 log 10 EID 50 /mL swab medium) for 5 consecutive days after inoculation, whereas excretion levels of highly pathogenic H5N1 viruses were more variable among pigs and were generally 2-3 log 10 EID 50 lower. Similar to previous findings [6, 25] , we did not observe an apparent relationship between AIV replication efficiency in pigs and the virus subtype or the avian host. Despite the fact that H9N2 AIVs have been reported to cause disease and death in swine in China [4, 5, 27, 28] , the older H9N2 virus used here did not replicate in pigs. Overall, these findings fit with the notion that AIVs undergo genetic changes to acquire full replication potential in pigs or other mammals.
Our results also confirmed previous reports of susceptibility of ferrets to low-pathogenic AIVs [25] . Although testing of nasal swab specimens was the most sensitive method of virus detection in pigs, testing of nasal and oroparyngeal swab specimens yielded similar virus titers in ferrets. The easier access to the pharynx in ferrets, compared with pigs, may explain this difference. Ferrets are frequently used as animal models for humans in influenza virus research because of the close similarities with humans in expression and distribution of sialic acid receptors in the respiratory tract and in the course of influenza virus infection [8] . Moreover, the ferret is considered as a valuable animal model for influenza virus transmission studies. In the present study, both swine influenza viruses were readily transmitted not only among pigs but also from pigs to ferrets. This agrees with the fact that primary transmission of swine influenza viruses to humans occasionally occurs in nature [16] . In contrast, the AIVs failed to spread efficiently among pigs or from pigs to ferrets. Only 1 of the 6 AIVs examined was transmitted (to 2 of 6 contact pigs). Another AIV was transmitted to 1 of 2 contact ferrets. In both cases, the contact animals showed seroconversion without detectable nasal virus shedding, thus excluding secondary transmission. Because of the small size of the experiments, the R 0 value of the lowpathogenic AIVs was not significantly smaller than the threshold value of 1; however, our results hint that these viruses are unlikely to cause an epidemic in a naive swine population. These findings are in accordance with reports describing failure of pig-to-pig transmission of highly pathogenic H5N1 and H7N7 AIVs [17] [18] [19] and the inefficient spread of H7, H9N2, and highly pathogenic H5N1 AIVs among ferrets [29] [30] [31] [32] . The reasons for the lack of transmission of AIVs among mammals remain largely obscure and may be multifactorial. Pigs shed lower amounts of infectious virus after infection with avian viruses than after infection with swine viruses, and the infectious dose needed to infect pigs appears to be higher for AIVs than for swine influenza viruses [17, 18] . Both factors are likely to contribute to the poor spread of AIV among pigs.
Transmission of human H1N1 influenza viruses among guinea pigs was shown to be most efficient at low temperatures (5ЊC) and low relative humidity (20%-35%) [33] . This likely explains the seasonality of outbreaks of human influenza virus infection in temperate regions. In contrast, in pigs in the same regions, outbreaks of swine influenza virus infection occur yearround. This probably relates to the presence and rapid turnover of large numbers of animals in closed farming systems, with a continuous supply of susceptible animals. The temperature (20ЊC-22ЊC) and relative humidity (60%-70%) were higher in our study than in the guinea pig study, with the purpose to mimic field conditions. However, the swine influ-enza viruses spread readily among pigs and from pigs to ferrets, suggesting that the stable climate did not have a major negative effect on virus transmission.
The paucity of appropriate AIV receptors in the upper respiratory tract was proposed, to explain the lack of transmission of highly pathogenic H5N1 virus to and among humans [8, 34] . Both swine and ferrets appear to lack the presumed AIV receptor (a2,3 sialic acid) in the upper respiratory tract (authors' unpublished data) [8] , which may contribute to the limited shedding of the AIVs and their inefficient transmission. Although we did not examine the receptor binding specificity of the AIVs used in our study, all viruses have the typical conserved avian amino acid signature in the HA1 receptorbinding region, which is described elsewhere [24] and is associated with an a2,3 binding preference. Both swine influenza viruses, in contrast, have mutations favoring binding to a2,6 receptors [9, 35, 36] . Several studies in the ferret model, however, have shown that a2,6 sialic acid binding affinity is favorable for efficient influenza virus transmission but insufficient in itself. Highly pathogenic H5N1 viruses showed inefficient contact transmission between ferrets, irrespective of whether they had an a2,3 binding affinity or dual a2,3 and a2,6 binding affinity [29] . Furthermore, transmission of highly pathogenic H5N1 viruses was not improved by reassortment with surface glycoproteins of efficiently transmissible H3N2 human influenza viruses [30] . This has led to the insight that additional molecular changes are needed for the adaptation of AIVs to mammals. In a recent pig transmission study with Korean low-pathogenic H5N2 isolates, transmission was enhanced by acquisition of PB2, PA, NP, and M genes from an H3N1 swine influenza virus [37] . Of interest, both viruses that showed some extent of transmission to pigs or ferrets in our study were originally isolated from chickens, and the other AIVs originated from ducks. Recently, Hossain et al [38] showed that duck H9N2 virus became more adapted to mice after passage in quail or in quail and chicken. In addition to mutations in the surface glycoproteins, these quail-and chicken-adapted viruses had multiple mutations in internal proteins. This led us to speculate that passaging of AIVs in land-based poultry may induce changes, enhancing adaptation to mammals.
Evidence of the transmission of influenza viruses from pigs to humans has thus far only been obtained for swine-adapted influenza viruses but not for wholly avian influenza viruses, which is in line with our findings. Until the current novel 2009 H1N1 influenza virus pandemic, however, none of those swineadapted influenza viruses were capable of sustained human-tohuman transmission [16] . Of most importance, the factors that enhance transmissibility of influenza viruses of animal origin to and between humans are not well understood. Our pig-topig and pig-to-ferret transmission models hold potential for study of such factors.
